winter and spend 1-4 years in freshwater before entering the sea as smolts (Metcalfe and 80 Thorpe 1990) . They return to their natal rivers to spawn after one or more years. A long-term 81 monitoring programme of migrating salmon and trout has enabled quantification of key 82 trends in the Burrishoole diadromous fish populations from the 1960s to the present. In 83 addition to the long-term fish population records, a detailed reconstruction of aquatic 84 ecosystem responses to land use change in the Burrishoole in the 20 th century is available 85 (Dalton et al. 2014 ). This palaeolimnological reconstruction was described from a sediment 86 core taken from the deepest point of Lough Feeagh, the most downstream lake in the 87 Burrishoole catchment. Slices of this core were dated and analysed for commonly used 88 palaeolimnological proxies, which enabled the key land use changes in the catchment to be 89 quantified and dated. Low nutrient levels prevailed in the lakes in the catchment lakes until 90 D r a f t 5 the 1950s. Commercial coniferous afforestation in the mid-20 th century and extensive sheep 91 overgrazing in the 1980s and 1990s (Gillmor and Walsh 1993) were associated with 92 increased rates of erosion, leading to elevated sedimentation, organic matter and nutrients in 93 downstream lakes, and a shift to mesotrophic conditions (Dalton et al. 2014 ). This 94 reconstruction provided valuable information that captured the degradation of the lake and its 95 water catchment along a trajectory spanning the last century that is representative of many 96 upland peat catchments on the Atlantic coast of Ireland ( 2014). Trout were unaffected in that study, implying that there may be inter-specific 108 differences in sensitivity to the changes in habitat quality associated with commercial conifer 109 production. 110
Although focussed on the Burrishoole catchment, the co-availability of both fish 111 census and environmental change data provides a unique opportunity to explore the role of 112 changes in land use and freshwater habitat on important stocks of diadromous taxa, 113
contributing to an issue that is of general concern: the long term conservation of fish stocks in 114 a rapidly changing world. 115 D r a f t 6 116
Materials and Methods 117

Site description 118
Burrishoole is a small (100 km 2 ) upland catchment (53° 56' N, 9° 35' W) draining into the 119 North-east Atlantic through Clew Bay (Fig. 1 
Data collation 150
Data were collated to provide two fish response variables along with a suite of explanatory 151 variables characterising land use change, climatic influences and other significant impacts 152 Egg numbers were matched with the relevant smolt year for both salmon and trout, enabling 167 the modelling of stock recruitment curves for each species (Fig. 3 ). In the case of trout, the 168 smolt output was portioned between the potential proportion of 2+ and 3 + smolts (Poole et 169 al. 2006 ). The residuals from these stock recruitment (SR) curves were used as the survival 170 index for each species ( contribution of resident brown trout to the egg numbers was not quantified, and so the 177 number of trout smolts migrating out is based on the assumption that they are the progeny of 178 migrating trout. This is unlikely to be completely the case, and it is probable that a small, 179 variable proportion of trout smolts derive from resident brown trout. 180
Land use change explanatory variables (n=14) were extracted from the analysis 181 described in Dalton et al. (2014) . As many of these explanatory variables were highly 182 collinear, initial data exploration was used to extract a land use change proxy which 183 adequately reflected the timing and direction of impacts on the downstream aquatic 184 ecosystem (Lough Feeagh) ( The SR curve for salmon was best described by a linear relationship, with no obvious curve 250 at higher spawner levels ( Fig. 3 ). This indicates that the existing level of the monitored 251 salmon stock in Burrishoole populates the lower end of the stock recruitment model -well 252 away from the descending (e.g. Ricker) or flat topped (e.g. Beverton Holt) limb of a SR curve 253 (Solomon 1985) . Apart from some high values in the early 1970s, spawning in the catchment 254 constituted between 500,000 and 2,000,000 eggs, with a corresponding smolt output of 5000 255 and 10000 fish. This equates to an egg to smolt survival of between 0.2 and 1.2 %. The 256 lowest survival (0.2%) was for the 1989 cohort, when an egg deposition of 1.86 million eggs 257 led to a smolt output of only 3794 smolts. 258
The best model describing salmon freshwater survival over the study time period 259 included the proportion of hatchery fish in the spawning cohort (hatcheryprop) and the NAO 260 index (nao) ( Table 1) variable LOI to the model increased the explained deviance from 80% to 84%, but the AIC 264 only decreased from 464 to 462, and dropping the LOI variable from the model was not 265 significant when analysed using an F-test (p=0.12) ( Table 2) . Taken together, these results 266 provide sufficient evidence to conclude land use change had no significant impact on salmon 267 survival. Higher freshwater survival was evident when the proportion of hatchery fish in the 268 cohort was low and when the hatch year (i.e. eggs in the gravel) of the cohort coincided with 269 a negative NAO index (cold dry winters) ( Fig. 4) . between circa 350,000 and 1,600,000 eggs, corresponding to a smolt output of 2,000 to 6,000 279 fish. From 1990 onwards, the egg deposition of anadromous trout averaged only 70,000, and 280 the smolt output dropped to less than 1,000 fish. The variability in the residuals from the 281 Beverton-Holt SR curve (i.e. the trout survival index) was much higher in the earlier part of 282 the time series, and stabilised from 1990 onwards (Fig. 2) . This change in the dynamics of the 283 trout population was fundamentally linked with decreasing marine survival, with returns of 284 sea trout averaging 40% until 1989, but only 11% thereafter (Fig. 2 ). 285
A model including the water temperature in spring of the hatch year (sprwt) and the 286 NAO index (nao) explained 79% of the deviance in the trout survival over the whole series 287 D r a f t 13 (1972-2006) (Table 3) . The relationship between spring water temperature and survival was 288 not linear, with survival decreasing as spring water temperatures increased from 6°C to 8°C 289 but then increasing slightly as temperatures rose to 10°C (Fig. 5 ). The relationship between 290 survival and the NAO index was also non-linear, with survival decreasing as the NAO index 291 moved from a strongly negative phase towards a value of 1, but then rising again as the NAO 292 shifted to positive values of 3. On further analysis, the non-linear nature of the relationships 293 between trout survival, sprwt and nao appear to be an artefact of combining the two distinct 294 phases in the Burrishoole trout population in the analysis, before and after the sea trout 295 collapse in 1989/1990. When data from after 1989 are excluded from the analysis, the 296 relationships between trout survival, sprwt and nao are much clearer ( Fig. 6 ). Survival 297 decreased as sprwt increased from 6 to 9 °C, and also decreased as nao moved from negative 298 to positive phases. The GAM of this smaller data set had an explained deviance of 88% 299 (n=18), and the smoothers for sprwt and nao are significant at p<0.05. The addition of the 300 catchment change proxy LOI did not increase the explained deviance of this reduced model 301 (Table 4) , although it should be noted that the sample size was very small at this stage, owing 302 to the lower temporal resolution of the LOI data (n=11). However, the residuals from the full 303 model (Table 3) The rate of sediment accumulation in the lake, linked largely to peat erosion and organic 314 matter deposition, also increased substantially over the same period. Excessive sedimentation 315 of headwater streams and spawning gravels is known to have adverse effects on salmonids 316 There were no data available describing salmon survival before 1970, nor were there 341 data to show whether the number of returning adults described here was particularly high or 342 low relative to previous decades. There is, thus, no way of ascertaining whether the period 343 Results presented in this paper show that even in combination with many other pressures, the 414 NAO influence on survival of salmon and trout in freshwater is significant. Salmonid survival 415 is highest when the NAO index is negative, i.e. when winters are cold, dry and calm. As this 416 NAO link is apparent for the hatch year, we interpret these results as the impact of winter 417 weather on cohorts hatching from the stream gravels and emerging as fry. The impact of spring water temperatures on trout survival appears to be stronger than 431 the influence of winter climate as indicated by NAO. Spring water temperatures will 432 invariably be higher after winters with positive NAO indices, especially if water temperatures 433 are measured in lakes that may take several months to warm or cool. Thus, the two variables 434 are interlinked. Nevertheless, spring water temperature and NAO were not strongly correlated 435 in this study, indicating that warm spring weather puts an additional stress on trout in 436 freshwater that is not apparent for salmon. More detailed analysis using juvenile trout 437 D r a f t 19 densities may help to elucidate the mechanism between spring water temperature and 438 survival. The causes are likely to be similar to those outlined above with reference to winter 439 temperatures. 440
In conclusion, the data reported here underline the importance of maintaining long 441 term datasets against which to test long held hypotheses, and to generate knowledge of 442 ecosystem processes sufficient to understand the likely consequences of human actions 443 (Pikitch et al. 2004 ). Diadromous fish are particularly at risk from multiple impacts in 444 marine, transitional and freshwater environments as well as the overarching impact of climate 445 change. Understanding the relative importance of these impacts allows managers to make 446 informed decisions on the measures required to conserve these stocks. In Burrishoole, the 447 most important determinant of freshwater survival of salmon was the deleterious effect of 448 hatchery fish in the spawning cohort for salmon. While stocking is seen by many as a 449 possible management action to conserve and bolster stocks, evidence continues to mount that 450 where a wild population is present, and habitat is available, stocking is misguided 451 Burrishoole migratory trout was very significant, and transformed the dynamics of the 454 population. Any relationship with land use change was likely to pale into insignificance in 455 comparison, and we found this to be the case. In the case of salmonids, direct anthropogenic 456 impacts, which in hindsight could have been avoided or minimised, have posed the greatest 457 risk to the conservation of stocks in Burrishoole, notwithstanding the significant influence of 458 climatic factors. The lesson to be learned here must surely be to minimise those impacts that 459 we now know are likely to affect stocks of diadromous fish, with the knowledge that there are 460 many unpredictable and less easily controlled confounding effects on the horizon. Finally, the 461 role that an ecosystem approach using long term ecological monitoring must play in 
